Using scanning tunneling microscopy and density functional theory, we have studied the initial oxidation of Rh(111) surfaces with two types of straight steps, having f100g and f111g microfacets. The one-dimensional (1D) oxide initially formed at the steps acts as a barrier impeding formation of the 2D oxide on the (111) terrace behind it. We demonstrate that the details of the structure of the 1D oxide govern the rate of 2D oxidation and discuss implications for oxidation of nanoparticles. DOI: 10.1103/PhysRevLett.101.266104 PACS numbers: 68.43.Fg, 68.37.Ef, 68.43.Bc, 82.65.+r It has long been known that steps play an important role in many fundamental processes at surfaces. Because of the lower coordination of the step atoms, their electronic properties are modified, promoting processes and reactions which do not happen on the flat part of the surface. Previously, step-related phenomena such as inter-and intralayer diffusion [1] [2] [3] , nucleation [4] , adsorption [5, 6] , dissociation, and step-induced magnetic anisotropy [7] , have been demonstrated. In particular, step-related properties are of tremendous importance for nanoscale objects such as nanowires [8] and nanoparticles [9] , since they have a much larger fraction of the surface at or near steps than other materials.
It has long been known that steps play an important role in many fundamental processes at surfaces. Because of the lower coordination of the step atoms, their electronic properties are modified, promoting processes and reactions which do not happen on the flat part of the surface. Previously, step-related phenomena such as inter-and intralayer diffusion [1] [2] [3] , nucleation [4] , adsorption [5, 6] , dissociation, and step-induced magnetic anisotropy [7] , have been demonstrated. In particular, step-related properties are of tremendous importance for nanoscale objects such as nanowires [8] and nanoparticles [9] , since they have a much larger fraction of the surface at or near steps than other materials.
Oxidation processes at transition metal surfaces have long received significant attention in fundamental and applied research, due to their importance in catalysis and corrosion. Previously, the importance of the dissociative adsorption of oxygen on these surfaces has been recognized [10] , while more recently the formation of thin twodimensional surface oxides (2D oxides) prior to bulk oxidation has attracted increasing attention [11] . The reason for this interest is the growing realization that such structures play an important role in catalytic oxidation reactions under realistic reaction conditions [12] [13] [14] [15] . In the specific case of CO oxidation over Rh, it has recently been shown that the formation of a well ordered 2D oxide [16] coincides with a large increase in CO 2 production [17, 18] .
The formation of 2D oxides is at present poorly understood on a microscopic level, but it has been predicted that oxidation begins at defects such as steps [19] . Recently, it has been shown that 2D oxides also form on nanoparticles [20] similar to those used in commercial catalysts, having significant implications for their shapes and therefore also their properties. Previously, by studying a Rh(553) surface, we have shown that a one-dimensional (1D) oxide forms at f111g steps of Rh(111) terraces [21, 22] , similar to what happens on Pt(332) [23] . As a basis for this work, we first show that a 1D oxide is also formed at f100g steps, e.g., those of Rh (223) surfaces, but with a slightly different structure. Then, by studying monolayer-deep holes in a Rh (111) surface, we demonstrate that the details of the step structure significantly influence the further oxidation of the surface.
Scanning tunneling microscopy (STM) images were recorded in Vienna using a two-chamber ultrahigh vacuum system with a pressure below 1 Â 10 À10 mbar and the same STM as in Ref. [16] . The STM was operated in constant current mode at room temperature. The Rh(111) and Rh(223) crystals were cleaned by cycles of Ar þ sputtering and annealing to 850 C, and occasional oxygen treatments at temperatures up to 825 C in order to remove residual C and a short anneal in vacuum up to 950 C in order to remove adsorbed O. Thereafter, Auger electron spectroscopy did not show any contaminants such as C and O. In order to produce the vacancy islands on Rh (111), the clean surface was sputtered with 2 keV Arþ with an ion dose of 4 Â 10 À13 cm À2 at sample temperatures of %400-450 C. The calculations were performed using the Vienna ab initio simulation package (VASP) [24, 25] , using PAW potentials [26, 27] , the PW91 exchange-correlationfunctional [28] and a cutoff energy of 250 eV. The surfaces were modeled by a slab consisting of six layers parallel to the (111) terraces with relaxation of the upper two layers. For the vicinal surfaces, a 2 Â 6 Â 1 k-point mesh was used.
A complete description of the complex faceting behavior and oxygen induced structures on Rh(223) will be described elsewhere [29] . Here only a brief description is given, in order to describe the STM images used to deter-
week ending 31 DECEMBER 2008 0031-9007=08=101(26)=266104 (4) 266104-1 Ó 2008 The American Physical Society mine the 1D oxide structure at the f100g steps. If a Rh(223) surface is exposed to oxygen pressures between 5 Â 10 À8 and 1 Â 10 À3 mbar in a temperature range between 250 to 500 C, the surface rearranges by forming facets different from (223) [see, e.g., Figs. 1(a) and 1(b)]. At low oxygen chemical potential ( O ), a variety of phases can be observed. One of these is remarkable for the step edges appearing wavy instead of perfectly straight as on the clean surface, indicating a novel structure, which can be identified as a 1D oxide at the steps (Fig. 1 ). Higher O leads to extended (111) areas covered with the 2D trilayer surface oxide [16] [visible, e.g., in Fig. 1(b) , top].
Concentrating on the structure of the 1D oxide, a (557)-faceted area is shown with atomic resolution in Fig. 1(a) . Only Rh atoms are visible in this image. In the first row of each terrace, 8 Rh atoms of the 1D oxide occupy the length of 9 substrate atoms. We therefore refer to this structure as ''(9 Â 1) 1D oxide.'' This expansion by a factor of expanded Rh-Rh distances at the step match the atomic distances in the (9 Â 9) 2D oxide.
In Fig. 1(c) we present the model for the (9 Â 1) 1D oxide at the f100g steps, which is closely related to the (9 Â 9) 2D oxide [16] . All step Rh atoms in the model are fourfold oxygen coordinated, corresponding to a single row of an O-Rh-O trilayer oxide at the step edge. Half of the oxygen is on the upper side of the step, the other half on the lower. The O-O distance in this row is 3.02 Å (¼ 9 8 of a bulk Rh nearest neighbor distance). The model also contains one full row of adsorbed oxygen in threefold hollow sites of the (111) terrace, which is the stable configuration at O ¼ À1:2 eV according to our density-functional theory (DFT) calculations. Simulated STM images, applying the Tersoff-Hamann approach [30] , agree excellently with the measurement, reproducing the wavy appearance of the step edge as well as the shift of the step Rh atoms perpendicular to the step [ Fig. 1(d) ]. The model is also supported by high resolution core level spectroscopy and the calculated phase diagram [29] . The observation of (335) and (557) facets instead of (223) can be nicely explained by the ð2 Â 1Þ-O structure on the terraces, which is stable on Rh (111) surfaces under these conditions: in contrast to a (223) surface, the (557) facets contain enough space for two O adatom rows in the same configuration as on Rhð111Þ-ð2 Â 1Þ-O. Thus, a combination of (335) and (557) facets can accommodate more oxygen than a (223) surface. Based on the good agreement between the experimental and theoretical results, we conclude that this model is correct.
A main difference between f100g and f111g steps is seen in Fig. 2(a) . Shifting atoms parallel to the f100g step, as it 
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266104-2 happens due to the expansion of the 1D oxide with respect to the Rh lattice, can be done without moving any atom into an unfavorable site. By slight relaxation towards the lower terrace (causing the waves) all Rh atoms end up between hollow and bridge sites of the underlying layer. On f111g steps, one atom would be shifted close to a highly unfavorable on-top position of the underlying layer [ Fig. 2(a) ]. This site is avoided by placing a vacancy there [ Fig. 2(c) ]. Furthermore, oxygen prefers threefold over fourfold sites on Rh [31] . At the f111g step, the missing Rh atom would have all its four oxygen neighbors in fourfold sites, again making this position unfavorable. In contrast, at the f100g steps no Rh atom binds to more than two O atoms in unfavorable fourfold sites [marked by yellow arrows in Fig. 1(c) ], giving no reason to expel any particular Rh atom.
The step energies step can be calculated from the surface energies (from DFT), the step height h and the miscut angle with respect to the (111) orientation by step ¼ hð hkl À 111 cosÞ= sin [32] . We find roughly equal step energies for f111g and f100g steps of 170 and 183 meV= A, respectively. This is confirmed by the experimentally observed hexagonal shape of monolayer-deep holes on the bare surface. This order is reversed by the formation of the 1D oxides. The 1D oxide at the f100g facets has an adsorption energy of À1:80 eV per O atom, higher than the value of À1:72 eV=O atom at the f111g facets [calculations are for the geometries in Figs. 2(c) and 2(d); the bare (111) terraces avoid any influence of terrace adatoms on the energies]. As a result, under the experimental conditions (5 Â 10 À6 mbar, 370 C) the calculated step energy of the oxidized f100g facets is 29 meV= A lower than for the oxidized f111g facets. We therefore predict a more pronounced stabilization of the f100g facets through the formation of the 1D oxides, possibly resulting in a stronger passivation of these facets.
Experimentally, due to pressure and temperature uncertainties, it is difficult to compare the stability of the two step types by the use of two different crystals. Having established the 1D oxide structures of f100g and f111g steps by the use of vicinal surfaces, we instead use a Rh (111) crystal to directly study oxidation of the steps at exactly the same chemical potential. Bombarding the clean Rh(111) surface by Ar þ ions at temperatures of 400-450 C forms monolayer-deep holes [ Fig. 2(b) ]. These holes expose both steps, f100g and f111g [see the model in Fig. 2(a) ]. The size of the holes can be controlled by varying the sample temperature during sputtering [33] .
The surface was oxidized at a chemical potential of approximately À1:2 eV (5 Â 10 À6 mbar, 370 C). On Rh (553) and Rh(223) similar preparation conditions resulted in the formation of 1D oxides at the steps. On Rh(111), this preparation is close to the stability boundary between the ð2 Â 1Þ À O adatom structure and the ð9 Â 9Þ surface oxide [16, 34] , and we can observe the former structure on the entire Rh(111) surface, except for at the steps at the vacancy islands. We find two different step decorations at the vacancy islands, depending on the type of step, f111g and f100g, respectively [see Figs. 2(e) and 2(f)]. On the f111g steps, the same (10 Â 1) 1D oxide as on Rh(553) is observed [22] , recognized by characteristic Rh vacancies at the step edge (one out of 9 Rh step atoms is missing). We also observe kink formation due to oxidation of f111g steps. On the f100g steps, we observe the same wavy (9 Â 1) 1D oxide as we did on Rh(223), see above. Because of the modulation perpendicular to the steps, kinks can be easily covered by this 1D oxide [cf. Fig. 1(a) ]. Thus, the 1D oxide at f100g steps is continuous; in sharp contrast to the (10 Â 1) 1D oxide on the f111g steps. This leads to the conclusion that the same 1D oxides form at the edges of holes as on vicinal surfaces, independent of the size of the neighboring facets, only depending on the type of the step. As by DFT, we also find experimentally that the two 1D oxides are roughly equally stable.
A further increase of the oxygen chemical potential leads to (9 Â 9) 2D oxide growth, which is initiated at the border of the sputter-induced holes. The (9 Â 9) oxide on the Rh(111) surface in Figs. 3(a)-3(c) can again be identified by its characteristic moiré pattern, which appears brighter than the unoxidized terrace. While the oxygen chemical potential decreases with increasing temperature, Fig. 3 shows that the area of the 2D oxide increases with temperature. This means that 2D oxide growth is kinetically inhibited, especially at comparably low temperatures. At 250 C, 2D oxide formation is found almost exclusively at f111g steps, while f100g steps block oxidation. At higher temperatures, the 2D oxide can grow at both step types, but the width of the oxide is still larger at f111g Step orientation
Step orientation
Step orientation Fig. 3(d) ], indicating that 2D oxide growth is initially hindered at f100g steps also at these temperatures.
While one might intuitively expect that 2D oxide formation would occur more rapidly at the more open f100g steps than at close-packed f111g steps, our experiments show the opposite effect. Our results rather indicate that the high defect density and lower stability found for oxidized f111g steps lowers the kinetic barrier for oxygen penetration, allowing easier 2D oxide growth. At the f100g steps the 1D oxide forms a defect-free barrier, which hinders 2D oxidation of the (111) terrace behind it. This means that, in analogy to the 2D oxide, which is found to inhibit bulk (3D) oxidation of low-index rhodium surfaces [16] , a perfect 1D oxide inhibits growth of the 2D oxide.
We finally note that our observations are significant for oxidation of nanoparticles, which are the active components in ''real'' catalysts. With decreasing particle size, and, hence, terrace size, step effects become increasingly important. In the extreme case, if the steps and edges are short enough (<9 atoms), there is no need for formation of vacancies at f111g steps. Thus, 2D oxide formation on these small particles may experience a higher barrier than on larger particles, which show defects in the 1D oxide at f111g steps. This effect would be the opposite of the usual trend that small particles oxidize more easily.
In summary, we have shown that 1D oxides form on f111g and f100g faceted Rh steps. Because of the different geometries of the steps, the 1D oxide will be either closed (f100g steps) or defective (f111g steps), the reason being the different bonding environment for the Rh atoms at the steps. The creation of a smooth 1D oxide increases the kinetic barrier for the formation of a 2D oxide.
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